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Abstract: Latent thermal energy storage is regarded as an effective strategy to utilize solar energy and
recover automotive waste heat. Based upon an enthalpy-porosity method, the influence characteris-
tics and mechanism of fin location on phase change material melting behavior in vertical rectangular
enclosures were explored numerically. The results show that as fin location increases, the melting
time decreases before attaining the minimum at the fin location of 0.20 after which it increases and
finally surpasses the no fin case, because (1) the influence range of fins for conduction is limited by
the bottom surface when putting fins next to this surface, (2) the liquid flow resistance increases with
moving fins up, and (3) mounting fins near the top surface accelerates melting at the upper part,
facilitating thermal stratification formation and weakening natural convection. Nu is higher than
the no fin case, i.e., Nu enhancement factor is a positive value, in the melting process for a lower fin
location, while for other fin locations, a transition to a negative value takes place. The higher the fin
location is, the earlier the transition that arises. Finally, a strategy of increasing the maximum liquid
flow velocity is proposed to reinforce melting for cases with considerable natural convection.

Keywords: phase change materials; fin location; melting; rectangular enclosure; numerical simulation

1. Introduction

The solar energy received on the Earth’s surface is abundant, approximately 3000 times
the power consumption in 2012 [1]; for a typical automobile, only 30% of the fuel energy
is utilized and the majority is wasted in the form of heat [2]. As a result, solar energy
utilization and automotive waste heat recovery are prevalent worldwide. The discontinuity
of solar energy and waste heat in time and space, however, hinders the progress to a large
extent; as a result, a concept of thermal energy storage has been proposed. Sharing the
merits of charging and discharging heat at a nearly constant temperature, high storage
density, and low volume change in phase change simultaneously, latent thermal energy
storage (LTES) based on solid–liquid phase change materials (PCMs) has been applied
extensively in comparison to other storage strategies such as sensible and that based upon
solid–solid and liquid–gas PCMs [3–6]. With experiments, the performance of photovoltaic
modules integrated with PCMs was evaluated by Li et al. [7]. It is found that with attaching
a PCM layer, the temperature of photovoltaic modules was reduced by 23 ◦C and the out-
put power was increased by 5.18%. Thalib et al. [8] conducted an experiment to investigate
the performance of solar stills with a LTES unit. Compared with a conventional solar still,
the water production was increased by 39.5%. A novel device, employing a LTES unit
recovering engine coolant heat to preheat engines in cold-start and warm-up, was analyzed
experimentally by Park et al. [9]. When using a LTES unit, the time heating engines to
70 ◦C was shortened by 13.7% and the fuel consumption was reduced by 18.4%. In view of
this, numerous studies on PCMs or LTES have been performed in recent decades.
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LTES units experience a melting process and solidification process to absorb and
release heat; consequently, the charging and discharging rates are critical for practical
applications. Because of the inherently low thermal conductivity of PCMs, generally less
than 0.5 W/(m K), however, a low rate is encountered [10–13]. To cope with this issue, a
strategy, filling metal foams, has been developed. Sardari et al. [14] found that the PCM
thermal conductivity was improved considerably with filling copper foam, resulting in the
reduction of the melting time by almost 85%. The study performed by Ghalambaz and
Zhang [15] indicated that filling metal foam in PCMs enhanced the heat transfer capability
of the heat sink, decreasing the hot surface temperature significantly. Cao et al. [16] pointed
out that embedding copper foam improved the thermal performance, cutting down the
melting time by 61.6%. The melting behavior of PCMs with the thermal conductivity
enhancer of metal foam was tested and simulated by Iasiello et al. [17,18]. It was found that
the metal foam affected the interface evolution; compared with the number of Pores Per
Inch, the effect of porosity on melting process was more notable, the higher the porosity,
the lower the melting time. Because of enhancing thermal conductivity and reducing
volume or weight, a method, graded filling metal foam, has been put forward and drawn
attention recently. Both Chen et al. [19] and Ghahremannezhad et al. [20] indicated that
compared to the conventional uniform filling method, a higher PCM thermal performance
and more uniform temperature distribution were presented by graded filling metal foam.
Iasiello et al. [21] found that a 38% and 14% higher performance evaluation criterion were
respectively exhibited when variable-porosity foams and variable-cell size foams were
filled in comparison to uniform filling cases.

As a result of being cost-effective, efficient, and simple, another strategy, inserting fins,
has been proposed and adopted extensively [22–24]. A review on this strategy is as follows.
Experiments have been carried out to clarify the influence characteristics of fin parameters.
The melting behavior in a vertical rectangular enclosure under different fin numbers was
studied by Huang et al. [25]. The uniformity of the temperature distribution improved and
melting time cut down as fin number increased, because of enhancing conduction. Similar
results were obtained by Acır and Canlı [26] where the melting process in a horizontal
rectangular enclosure was studied. With a visualization test rig, the evolutions of solid–
liquid interface and temperature distribution inside a vertical rectangular enclosure were
analyzed by Kamkari and Shokouhmand [27]. The movement of interface accelerated,
and the melting rate enhanced with increasing fin number. Based on the same test rig,
Kamkari and Groulx [28] found that with inclining enclosures from vertical to horizontal,
the melting rate at the late stage enhanced, reducing the melting time significantly, from
210 min to 90 min for the case with three fins. Thus, a conclusion was made that enhancing
melting rate at the late stage was an effective method to accelerate the melting process.
Joneidi et al. [29] studied the transient melting process in a horizontal enclosure, where the
solid–liquid interface was visualized. Contrary to vertical enclosures, the liquid flow was
reinforced with a rise of fin number. To reduce the convective flow resistance associated
with fins, a novel perforate fin was proposed and studied by Karami and Kamkari [30] for
vertical shell and tube LTES units. It demonstrated that the use of perforate fins enhanced
the melting rate, reducing the melting time by about 7%. The thermal performance of shell
and tube LTES units with spiral fins was tested by Mehta et al. [23] which found that using
spiral fins reduced the melting time significantly, by approximately 51.61% in maximum.

Apart from experiments, numerical simulations have been also performed. The
thermal performance of a horizontal rectangular enclosure was evaluated by Fekadu and
Assaye [31]. Due to enhancing heat conduction and suppressing convection simultaneously,
increasing fin number was not always effective in reducing melting time and an optimum
fin number of two was demonstrated. On the contrary, Elmaazouzi et al. [32] indicated that
the melting time decreased with fin number. The melting process in a finned horizontal
rectangular was analyzed by Abdi et al. [33]. The melting rate enhanced with increasing
fin number. Oliveski et al. [34] evaluated the melting behavior in finned rectangular
enclosures, which indicated that the melting time cut down with increasing fin length. The
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similar result was found by Mahood et al. [35] for horizontal shell and tube LTES units.
Biwole et al. [36] studied the melting process in a vertical rectangular enclosure. Results
showed that the influence of fin number on melting time and energy stored was more
significant than fin length. The effect of fin geometry in a vertical rectangular enclosure
was studied by Bouhal et al. [37]. Compared with rectangular fins, a uniform melting was
presented for triangular fins. The study carried out by Hasnain et al. [38] pointed out that
fin geometry affected the melting process of shell and tube LTES units significantly, with
the melting time of double-branched fins 45.9% shorter than Y-oriented triple fins. Melting
behavior in a vertical rectangular enclosure with different fin angles was simulated by
Ji et al. [22]. With an increase of fin angle, the melting time decreased firstly before attaining
the minimum at−15◦ after which it increased. Using the same model, Ji et al. [39] examined
the effect of fin arrangement. With a constant fin length, a scheme, mounting the long fin in
the lower part and short fin in the upper part, was proposed to enhance melting effectively.
The thermal performance of shell and tube units with the novel quadruple-helical fin
arrangement was evaluated by Zhang et al. [40]. The novel arrangement enhanced the
melting rate, reducing the melting time by 31.0% in comparison to the conventional fin
arrangement. Liu et al. [41] assessed the melting behavior of shell and tube LTES units
with uneven tree-like fins. Compared to uniform tree-like fins, a uniform temperature
distribution and faster melting rate were exhibited.

From previous studies, it is found that the use of fins extends the heat transfer path,
enhancing conduction significantly. The liquid flow and then natural convection, however,
may be suppressed by fins at the same time. The two opposite results indicate that the fin
arrangement should be optimized to maximize its role. Besides, it is found that with adding
fins, significant improvement in the melting rate is presented merely at the early stage and
middle stage, while the improvement is quite limited or even negative at the last stage. For
example, in terms of liquid fraction rising from 0.3 to 0.4, corresponding to the early stage,
the time required is approximately 15 min for the no fin case and is reduced to 7 min when
inserting 3 fins; while regarding to liquid fraction varying from 0.9 to 1.0, corresponding
to the last stage, the time required is equal for both cases, approximately 45 min [27].
These two facts demonstrate the significance of uncovering the influence mechanism of
fin parameters. Currently, several fin parameters such as number, length, geometry, angle
and arrangement, have been researched and their mechanisms have been clarified. To the
best knowledge of the authors, however, fins have been distributed evenly on the heated
surface previously; another critical parameter, fin location, has been not analyzed and
its mechanism has not been unraveled. As such, it is difficult to place fins in the most
suitable location, leading to the result that the enhancement potential as to fins cannot
be fully released. To fill the gap, by taking a commonly employed vertical rectangular
enclosure as an object, the effect of fin location is investigated with an experimentally
validated numerical model. To reveal the influence characteristics and mechanism, the
instantaneous liquid fraction contours and velocity vectors, the evolution of liquid fraction
and the variations of melting time, surface averaged Nusselt number, Nusselt number
enhancement factor, and maximum liquid flow velocity are analyzed. Through the analysis,
the optimized fin location is determined and a strategy to reinforce melting is proposed.
The current study intends to offer advice to arrange fins, facilitating solar energy utilization
and automotive waste heat recovery.

The paper is organized as follows. The model construction, including the physical
model, mathematical model, independency tests, and model validation, is presented in
Section 2. Section 3 presents the detailed results and discussion on the effect of fin location.
The main conclusions are summarized in Section 4.

2. Model Construction
2.1. Physical Model

Similar to the experiment carried out by ref. [27], a 2D vertical rectangular enclosure
with length, Lc, of 50 mm and height, Hc, of 120 mm is used, as shown in Figure 1. A
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horizontal fin with thickness, tf, of 3 mm and length, Lf, of 38 mm is mounted on the
right hot surface. The distance between the lower surface of fin and the bottom surface
of enclosure is denoted by d. A parameter, df, named as fin location, is employed to
characterize the dimensionless location of fin. df varies from 0.05 to 0.95 in this study.

d f =
d

Hc
(1)
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Figure 1. Configuration of a PCM enclosure.

A constant temperature, Tw, is imposed on the right surface, while the adiabatic
condition is used for other surfaces, as presented in Figure 1. Lauric acid and aluminum are
respectively selected as the phase change medium and fin material, whose thermo-physical
properties are shown in Tables 1 and 2, respectively.

Table 1. Thermo-physical properties lauric acid [27,33,42].

Property Symbol Value

Melting temperature Tl (◦C) 48.2
Solidification temperature Ts (◦C) 43.5

Latent heat Lh (kJ/kg) 187.21
Specific heat capacity of solid cp,s (kJ/(kg·K)) 2.18
Specific heat capacity of liquid cp,l (kJ/(kg·K)) 2.39

Density of solid ρs (kg/m3) 940
Density of liquid ρl (kg/m3) 885

Thermal conductivity of solid λs (W/(m·K)) 0.16
Thermal conductivity of liquid λl (W/(m·K)) 0.14
Thermal expansion coefficient β (1/K) 0.0008

Table 2. Thermo-physical properties of aluminum [27].

Property Symbol Value

Specific heat capacity cp,fin (kJ/(kg·K)) 0.871
Thermal conductivity λfin (W/(m·K)) 130

Density Pfin (kg/m3) 2179

2.2. Mathematical Model

Some assumptions are made in the construction of mathematical model [22,33,39].

• The motion of liquid is viewed as a 2D, laminar and incompressible flow.
• Both PCM volume change and radiation are ignored.
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• The thermo-physical properties of fin material and PCM are constant, except for PCM
density, ρ, in the buoyancy force term of momentum equations where the Boussinesq
approximation is used, i.e., ρ varies linearly with temperature, T, as presented by:

ρ− ρre f = −ρβ(T − Tre f ) (2)

where ρref and Tref are the reference density and reference temperature which are set
as liquid density, ρl, and melting temperature, Tl [22,39].

An enthalpy-porosity method, without the need to trace the solid–liquid interface
and suitable for PCMs with a constant melting temperature, is employed to model the
melting process [22,24,33,39]. In this method, the whole computational domain is treated
as a porous zone and the porosity of each cell is characterized by a parameter, liquid
fraction, γ, which varies from 0 to 1. For the liquid phase and solid phase, γ = 1 and γ = 0

respectively. A source term,
→
Su, defined by the Carman–Kozeny term and expressed in

Equation (3), is added to the momentum equation to differentiate three regions: solid,
mushy, and liquid [43].

→
Su = Amush

(1− γ)2

γ3 + ε

→
u (3)

where Amush is the mushy zone constant. ε is a small number, taking 10−3 to avoid the
division by zero. The formula of γ is:

γ = 0, if T < Ts
γ = T−Ts

T−Tl
, if Ts < T < Tl

γ = 1, if T > Tl

(4)

The governing equations including the continuity, momentum. and energy for this
method are [22,33,39]:

∂

∂t
ρ +∇ ·

(
ρ
→
u
)
= 0 (5)

∂

∂t

(
ρ
→
u
)
+∇ ·

(
ρ
→
u
→
u
)
= µ∇2→u −∇p + ρ

→
g +

→
Su (6)

∂

∂t
(ρH) +∇ ·

(
ρ
→
u H
)
= ∇ · (λ∇T) (7)

where t,
→
u , g and p are the time, velocity vector, gravitational acceleration. and pressure,

respectively. H is the enthalpy, equal to the sum of latent enthalpy, ∆H, and sensible
enthalpy, hs:

H = ∆H + hs
∆H = γLh

hs = hre f +
T∫

Tre f

cpdT
(8)

where href is the reference enthalpy at Tref. Only the heat conduction is taken into account
for fins. The corresponding governing equation is:

∂

∂t

(
ρ f incp, f inT

)
= ∇ ·

(
λ f in∇T

)
(9)

The boundary condition and initial condition are as follows.

• Boundary condition:

∂T
∂y

∣∣∣
Bottom sur f ace

= 0, ∂T
∂y

∣∣∣
Top sur f ace

= 0, ∂T
∂x

∣∣∣
Le f t sur f ace

= 0, Tw|Right sur f ace = 70 °C
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• Initial condition:

t = 0, T(0) = T0 = 25◦C
→
u (0) = 0

ANSYS Fluent 15.0 is employed to solve the governing equations. For pressure–
velocity coupling, the SIMPLE scheme is adopted. Apart from time and pressure which
are discretized by the first order implicit scheme and PRESTO! scheme, respectively, other
derivatives are discretized by the second order upward scheme. The thresholds of residuals
are set as 10−3 for velocity and momentum and 10−6 for energy. The computation continues
until the PCM melts completely, i.e., γ = 1.

2.3. Independence Tests

The grid independence test is carried out to eliminate the effect of grid number. The
test result in terms of γ for df = 0.20 is presented in Figure 2a, where the grids with
3840, 7448 and 14,060 quadrilateral cells are examined. As the cell number increases, the
deviation between adjacent grids reduces. For the compromise of computation cost and
accuracy, the grid with 7448 cells is picked up. Similar tests are performed for other df and
no fin cases, and the grids with 7448 quadrilateral cells are also selected. Figure 2b shows
the schematic view of the grid which shares high quality with the maximum aspect ratio of
1.55 and minimum orthogonal quality of 0.9997.
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Figure 2. (a) Grid independency test results. (b) Schematic view of the used grid.

Besides, in order to remove the effect of time step, ∆t, the time step independence
test is conducted. Three ∆t of 0.05 s, 0.1 s and 0.2 s are tested and the variations of γ are
compared. It is found that the deviation among three ∆t are quite small, with the maximum
less than 0.5%. However, for ∆t = 0.2 s, the number of iterations in one time step was
greater than ∆t = 0.05 s and 0.1 s, and the residual of velocities may not reduce to the
convergence criterion of 10−3 in some of time steps. As a result, ∆t = 0.1 s is picked up for
the better convergence and low computation cost [44].

2.4. Model Validation

The result obtained by the present model for the no fin scheme is compared to the
experiment conducted by Kamkari et al. [45] and the simulations performed by Ji et al. [22]
and Abdi et al. [33], as shown in Figure 3. At the beginning, all simulation models agree
well with each other, but predict melting process slightly faster than experiments. This
is reasonable since the elevation process of the right surface temperature, Tw, from the
initial value, T0, of 25 ◦C to the target value of 70 ◦C, occupying approximately 4 min, is
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not considered in the simulation. In the middle and late stages, as in the Abdi et al. model,
the present model matches well with experiments. A difference is presented between the
present model and Ji et al. model, because of the adopted Amush, 106 for the present model
and 105 for the Ji et al. model.

Energies 2021, 14, x FOR PEER REVIEW 7 of 17 
 

 

2.4. Model Validation 
The result obtained by the present model for the no fin scheme is compared to the 

experiment conducted by Kamkari et al. [45] and the simulations performed by Ji et al. 
[22] and Abdi et al. [33], as shown in Figure 3. At the beginning, all simulation models 
agree well with each other, but predict melting process slightly faster than experiments. 
This is reasonable since the elevation process of the right surface temperature, Tw, from 
the initial value, T0, of 25 °C to the target value of 70 °C, occupying approximately 4 min, 
is not considered in the simulation. In the middle and late stages, as in the Abdi et al. 
model, the present model matches well with experiments. A difference is presented be-
tween the present model and Ji et al. model, because of the adopted Amush, 106 for the pre-
sent model and 105 for the Ji et al. model.  

Besides, the present model is validated with the experiment performed by Kamkari 
and Shokouhmand [27] for the 1 fin case and 3 fins case. The validation results are shown 
in Figure 4. As the same reason to the no fin scheme, ignoring the temperature rising pro-
cess of the right surface, the present model predicts melting process slightly faster at the 
beginning. In the middle and late stages, a good agreement between the present model 
and experiment is found.  

From Figures 3 and 4, a conclusion is drawn that the present model is valid and can 
be employed for further analysis with sufficient accuracy. 

0 50 100 150 200
0.0

0.2

0.4

0.6

0.8

1.0
L

iq
ui

d 
fr

ac
tio

n 

Time (min)

  Exp. 
  Present model (Sim.) 
  Ji et al. model (Sim.) 
  Abdi et al. model (Sim.) 

 
Figure 3. Comparisons among the experiment carried out by Kamkari et al. [45], the present model, 
Ji et al. model [22] and Abdi et al. model [33] for no fin case.  

0 40 80 120 160
0.0

0.2

0.4

0.6

0.8

1.0

L
iq

ui
d 

fr
ac

tio
n 

Time(min)

  1 fin (Sim.) 
  1 fin (Exp.) 
  3 fins (Sim.) 
  3 fins (Exp.) 

 
Figure 4. Validation with the experiment conducted by Kamkari and Shokouhmand [27] for 1 fin 
case and 3 fins case. 

Figure 3. Comparisons among the experiment carried out by Kamkari et al. [45], the present model,
Ji et al. model [22] and Abdi et al. model [33] for no fin case.

Besides, the present model is validated with the experiment performed by Kamkari
and Shokouhmand [27] for the 1 fin case and 3 fins case. The validation results are shown
in Figure 4. As the same reason to the no fin scheme, ignoring the temperature rising
process of the right surface, the present model predicts melting process slightly faster at
the beginning. In the middle and late stages, a good agreement between the present model
and experiment is found.
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Figure 4. Validation with the experiment conducted by Kamkari and Shokouhmand [27] for 1 fin
case and 3 fins case.

From Figures 3 and 4, a conclusion is drawn that the present model is valid and can
be employed for further analysis with sufficient accuracy.

3. Results and Discussion
3.1. Patterns of Melting

Instantaneous liquid fraction contours and velocity vectors for different fin loca-
tions, df, and no fin case at the flow time, t, of 300 s, 1800 s, 4800 s, and 8400 s are
presented in Figure 5. Velocity vectors with high resolution are also provided in the
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Supplementary Materials. The images of df = 0.05, 0.20 and 0.35 at t = 8400 s are not
provided because the melting time, tm, of them is less than 8400 s.
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Figure 5a shows that the melting originates from the place near the hot surface
(including the vertical right surface and horizontal fin surfaces) at t = 300 s when the
solid–liquid interface is almost parallel to the hot surface, implying that the conduction
dominates the heat transfer. The interface right above the fin is slightly uneven, because of
generating thermal plumes. Besides, the melting region is approximately equal for all df
and notably larger than the no fin case, which indicates that the effect of df is insignificant
and heat conduction is enhanced significantly by the fin at the beginning.

As shown in Figure 5b, as t increases to 1800 s, the liquid region expands, the interface
deforms, no longer parallel to the hot surface, and several vortexes form above the fin. It is
indicated that the natural convection is developed and cannot be ignored. For df = 0.05, the
lower area nearly melts totally and considerable portion of solid phase melts at the upper
part with the interface shape similar to the no fin case. The behavior reverses for df = 0.95
where the upper part melts completely and only a small region at the lower part, less than
the no fin case, becomes liquid. The result signifies that the effect of df becomes important
at t = 1800 s.
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Further increasing t to 4800 s, as shown in Figure 5c, the liquid region continues to
enlarge. For df = 0.05, the solid phase is located at the middle part of the left surface. The
primary position of the unmelted region for df = 0.20 is the same to df = 0.05, apart from
the tiny region at the left corner. For other df, however, the solid phase is mainly located at
the lower left of the enclosure and the size enlarges with moving the fin up. Besides, for
df = 0.35 and 0.50, the convection flow characterized by velocity vectors forms over the
fin but does not accelerate melting process because of the impedance of the fin. Due to
the solid phase is above the fin, however, this flow is not blocked for df = 0.05 and 0.20.
Compared to df = 0.05, the unmelted region is much smaller for df = 0.20, as a result of the
higher strength of vortexes. On account of the stable thermal stratification, this flow is
rather weak or even not formed for df = 0.65–0.95. The analyses imply that the dominated
heat transfer mode is different for different df, which is natural convection for df = 0.05 and
0.20 and may transform to heat conduction for df = 0.35–0.95.

As melting goes on to t = 8400 s shown in Figure 5d, PCM melts completely for
df = 0.05–0.35. While for other cases, the melting just enters the late stage and the unmelted
portion is still located at the lower left corner, just with smaller size than t = 4800 s. Besides,
an abnormal phenomenon is found that the unmelted region for df = 0.95 is slightly larger
than the no fin case. It implies that the fin location affects the melting behavior notably and
inserting fins is not always effective. The reason for this is that the thermal stratification
forms more easily at the upper part for df = 0.95, as a result of which the intensity of natural
convection near the interface is slightly lower when comparing to the no fin case.

3.2. Melting Time, tm

The variation of tm with df is shown in Figure 6. As df increases, tm decreases before
attaining the minimum at df = 0.20 after which it increases. Compared to the no fin case
of 190.7 min, melting is enhanced significantly with tm halved for df = 0.20. Besides,
an interesting result is found that for df = 0.95, a scheme mounting fins closing to the
top surface, tm is longer than the no fin case, which is unexpected and never reported
by previous studies to the best knowledge of authors. The results demonstrate that the
influence of df is notable, and fins should be arranged properly in practical applications.
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Figure 7 shows the evolution of γ with time for different df and no fin case.
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• For a lower γ (less than 10%), inserting fins is effective to enhance melting; the effect
of df is insignificant because the conduction dominates the heat transfer.

• For df = 0.05 and 0.20, the melting rate, quite higher than the no fin case, approximately
remains the same with rising γ. It is because the fin mounted at a lower place does
not hinder the liquid flow. On account of that the influence range of fins as to heat
conduction is limited by the bottom surface for df = 0.05 in comparison to df = 0.20, tm
(df = 0.05) > tm (df = 0.20).

• For df = 0.35–0.80, as γ increases, the melting rate decreases to a value lower than the
no fin case at a time. Depending on df, the larger the df is, the lower the time is, i.e.,
the earlier the transition arises. For instance, the transition time is 80 min for df = 0.35
and reduces to 55 min for df = 0.65. This behavior is expected since the mounted fin
impedes the liquid flow and the higher it is put, the earlier the impedance takes place.
Besides, the thermal stratification region enlarges with moving the fin up, as a result
of which tm (df = 0.35) < tm (df = 0.50) < tm (df = 0.65) < tm (df = 0.80).

• For df = 0.95, the liquid flow intensity weakens considerably, because of forming
thermal stratification at the upper part, even though the flow resistance as to fins is
rather limited. Thus, the transition of melting rate ahead of df = 0.80 is presented and
the melting process is longer than the no fin case.

From the results presented in Figures 5–7, it is recommended to place the fin at a lower
position but with a certain distance away from the bottom surface. Besides, fins should not
be mounted closely, i.e., a certain space between fins should be reserved if more than one
fin is employed.

3.3. Surface Averaged Nusselt Number Nu

In order to characterize the heat transfer rate and figure out the influence mechanism
of df, the surface averaged Nusselt number, Nu, is used [39]:

Nu =
hLc

λPCM
=

Q
Aw(Tw − Tl)

· Lc

λPCM
(10)

where h is the average heat transfer coefficient, Q is the heat flux through the right surface,
and Aw is the heat transfer area.

Aw = (2Hc + 2Lc) + 2L f (11)
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The variation of Nu with normalized time, t/tm, for different df and no fin case is
shown in Figure 8. In general, Nu decreases with t/tm because of the increase of thermal
resistance between the hot surface and interface with PCM melting. According to the
decline rate of Nu, the melting process can be divided into four regimes for df = 0.35–0.80,
which, in sequence, are heat conduction regime, strong convection regime, convection
blockage regime, and weak convection regime. While for other df and no fin case, however,
dividing the process into three regimes (without regime 3, convection blockage regime)
may be more reasonable. Taking df = 0.50 as an example, the heat transfer characteristics of
these regimes are as follows:
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Regime 1: heat conduction regime; Nu decreases sharply from its maximum. At this regime,
heat conduction dominates the heat transfer. The conductive resistance of the liquid layer
increases from a rather small value, as a result of which Nu decreases sharply as melting
goes on.

Regime 2: strong convection regime; Nu decreases in a slower rate, significantly lower
than the Regime 1. The liquid fraction increases, and the liquid layer becomes thicker,
leading to increasing conductive resistance continuity. Due to the transformation of the
dominated heat transfer mode from conduction to natural convection, however, the increase
of conductive resistance can be partially offset. As a result, Nu decreases far more slowly
than the Regime 1. Besides, because of producing the recirculation of Rayleigh–Benard
convection above the fin, as shown in Figure 5b, a fluctuation arises for Nu [27,34,45].

Regime 3: convection blockage regime; Nu decreases. Due to the fin impedance, the
convection flow reduces in a large extent, as shown in Figure 5c, even though enough
liquid is produced. Consequently, the dominated heat transfer mode is shifted from natural
convection to conduction and the decline rate of Nu increases anew.

Regime 4: weak convection regime; Nu decreases in a rate slightly higher than the Regime 2
and far less than the Regime 1 and Regime 3. As shown in Figure 5d, only the PCM located
at the lower left corner remains unmelted. Compared to the Regime 3, the liquid flow
resistance associated with fins is rather limited or even disappears because a large distance
is presented between the interface and hot surface. On account of the formation of thermal
stratification over the interface, however, the liquid flow intensity is less than the Regime 2.
As a consequence, the decline rate of Nu is far below the Regime 1 and the Regime 3 but
greater than the Regime 2.

Due to the fact that the formation of convection flow is only moderately affected or
even accelerated by the fin mounted near the bottom surface or top surface, the Regime 3
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is not experienced by df = 0.05, 0.20 and 0.95, similar to the no fin case [39]. When moving
the fin up, the liquid flow resistance enlarges, and the thermal stratification is formed more
readily. Hence, both the transition t/tm from the Regime 2 to the Regime 3 and from the
Regime 3 to the Regime 4 decrease, as shown in Figure 8. Figure 8 also shows that the
transition t/tm from the Regime 1 to the Regime 2 is approximately the same for all df,
indicating that the effect of df is limited at the early stage.

A parameter, Nu enhancement factor, εNu, defined by Equation (12), is introduced to
identify the effect of df in depth.

εNu =
Nu(df)− Nu(no f in)

Nu(no f in)
× 100% (12)

where Nu (df) is the Nu with the fin location, df. Nu (no fin) is taken from the no fin case for
a reference value. The variation of εNu with t/tm for different df is shown in Figure 9 and
the analyses are as follows:
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• εNu increases with t/tm in the whole melting process for df = 0.05 and 0.20. It is
expected since mounting fin at a lower position enhances conduction at the beginning
and facilitates natural convection at the middle and late stages; besides, the melting
in the left corner is reinforced by the lower fin significantly, which is extensively
regarded as a factor prolonging melting process seriously [28,46]. A testimony that
facilitates natural convection is provided by Figure 10 which shows the variation
of the maximum liquid flow velocity, vmax, with t/tm. For t/tm > 0.30, the difference
between vmax (df) and vmax (no fin) enlarges notably with t/tm, precisely corresponding
to the sharp increase of εNu.
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• While for df = 0.35–0.80, the transition from εNu > 0 to εNu < 0 arises. That is, the heat
transfer is not strengthened all the time. It is because the conduction is improved
notably at the early stage or the early and middle stages, depending on df, but after
that natural convection is reduced significantly due to the increase of liquid flow
resistance as to fins and the formation of thermal stratification. The impedance of
fins is verified by the variation of vmax shown in Figure 10. The comparison between
Figures 9 and 10 shows that the transition time from vmax (df) > vmax (no fin) to vmax
(df) < vmax (no fin) is approximately equal to the transition time from εNu > 0 to εNu < 0.

• As liquid contours of the no fin case shown (Figure 5), the melting is originally much
faster at the upper part in comparison to the lower part. As a result, the improvement
of mounting fins near the top surface is not obvious and only limited to the very
early stage. Besides, mounting fins near the top surface improves the temperature
distribution nearby, facilitating the formation of thermal stratification and weakening
the convection flow. Hence, on the one hand, εNu > 0 only arises at t/tm < 0.025 and
εNu < 0 is presented at the rest of time for df = 0.95; on the other hand, the influence
mechanism is different for df = 0.35–0.80 and df = 0.95, even though they share the
same trend. As the same to df = 0.05–0.80, the variation of εNu is quite similar to the
difference between vmax (df) and vmax (no fin).

The analyses indicate that vmax can be employed as an indicator to characterize the
influence of df. The higher the vmax is, the larger the εNu is and the quicker the melting
experiences. Thus, a strategy, boosting vmax, is proposed to reinforce melting, which
includes promoting liquid flow and/or inhibiting thermal stratification formation. On
account of that the liquid flow resistance is rather limited and the formation of thermal
stratification is suppressed, the vmax then εNu and melting process is improved significantly
for df = 0.05 and 0.20. As a result, it is recommended to mount fins at a lower place for
vertical enclosures.

The strategy is also appropriate to other fin parameters such as fin angle and fin
length. To enhance melting, the fin inclining an angle of 15◦ downward was proposed
by Ji et al. [22], because of a small liquid flow resistance and constructing thermal stratifi-
cation much slower than upward and horizontal fins. Similarly, to suppress the thermal
stratification formation and reduce the liquid flow resistance, a scheme, mounting short fin
at the upper part and long fin at the lower part, was proposed by Ji et al. [39]. Certainly,
this strategy would not be suitable for the case where natural convection can be ignored.
For instance, an experiment conducted by Huang et al. [25] indicated that with increasing
fin number, the melting accelerates because of enhancing the conduction significantly,
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even though the liquid flow resistance is increased simultaneously. Besides, Andrea and
Manuela [47] found that with inserting metal foams, natural convection weakens consider-
ably due to the increase of viscosity, while the PCM thermal conductivity then conduction
improves notably, resulting in a shorter melting process.

4. Conclusions

Taking a vertical rectangular enclosure as an object, the influence characteristics
and mechanism of fin location, df, on melting behavior were studied numerically. The
comparison with the no fin case was conducted. The main conclusions are as follows.

(1) For df = 0.05 and 0.20, conduction is improved at the beginning and natural con-
vection is enhanced at the middle and late stages, resulting in halving tm when comparing
to the no fin case; however since the function area of fins is limited by the bottom surface
for df = 0.05, tm (df = 0.05) > tm (df = 0.20). While for df = 0.35–0.80, with an increase of
df, the effectiveness of inserting fins reduces primarily because of increasing the liquid
flow resistance. Besides, tm (df = 0.95) > tm (no fin) due to the fact that mounting fins in
a place next to the top surface accelerates melting at the upper part, facilitating thermal
stratification formation, which was never reported in the literature.

(2) Based upon the decline rate of Nu, the melting process can be divided into four
regimes, heat conduction regime, strong convection regime, convection blockage regime,
and weak convection regime for df = 0.35–0.80. While for df = 0.05, 0.20 and 0.95, similar to
the no fin case, dividing the process into three regimes is more reasonable.

(3) The Nu is higher than the no fin case, i.e., εNu > 0, in the whole melting process for
df = 0.05 and 0.20, while for other df, the transition from εNu > 0 to εNu < 0 arises and the
higher the fin is put, the earlier the transition takes place.

(4) The symbol of the difference between vmax (df) and vmax (no fin) is nearly the same
as εNu. To reinforce melting, a strategy is thus proposed that boosts the vmax for the case
that natural convection cannot be neglected.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/en14144091/s1, Figure S1 High quality image of velocity vectors for different df and no-fin
case at the flow time of 300 s, 1800 s, 4800 s, and 8400 s.
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Nomenclature

Amush mushy zone constant, kg/(m3·s)
Aw heat transfer area, m2

cp specific heat capacity, J/(kg·K)
d distance between the lower surface of fin and the bottom surface of enclosure, m
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df fin location, d/H
g gravitational acceleration, m/s2

h heat transfer coefficient, W/(m2·K)
hs sensible enthalpy, J/kg
H enthalpy, J/kg
Hc height of rectangular enclosure, m
∆H latent enthalpy, J/kg
Lc length of rectangular enclosure, m
Lf length of fin, m
Lh latent heat, J/kg
Nu Nusselt number
p pressure, Pa
Q heat flux, W
t time, s
tf thickness of fin, m
tm melting time, s
T temperature, ◦C
T0 initial temperature, ◦C
Tw surface temperature, ◦C
u velocity, m/s
vmax maximum liquid flow velocity, m/s
Greek symbols
β Thermal expansion coefficient, 1/K
γ liquid fraction
λ thermal conductivity, W/(m·K)
ε small number
εNu Nu enhancement factor
ρ density, kg/m3

Subscripts
fin fin
l liquid
PCM PCM
ref reference
s solid

Abbreviations

LTES latent thermal energy storage
PCM phase change material
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